The novel poly(acrylic acid)/poly(ethylene oxide) (PAA/PEO) blend nanofibers at 100/0, 80/20, 50/50, 20/80 and 0/100 weight ratios were obtained via electrospinning process. Intermolecular interactions and compatibility of blend fibers were studied by Fourier transform infrared (FT-IR) and differential scanning calorimetry (DSC). It was found that the free-hydroxyl groups, the bonded hydrogen hydroxyl groups and the carbonyl groups absorption bands in the electrospun PAA/PEO fibers shifted with the increase in PEO percentage in the blend. DSC measurements showed the melting point, the glass transition temperature, the melting enthalpy and the crystallinity percentage of pure polymer nanofibers were different compared with blend nanofibers. The results suggested that intermolecular interactions occurred in the electrospun PAA/PEO nanofibers. These interactions made PAA/PEO blends miscible at above-mentioned weight ratios. Additionally, the morphology and the average fiber diameter were investigated using scanning electron microscope (SEM) analysis, which indicated beadless fibers with diameter range of 110 to 280 nm. It was observed that the uniform fibers with the smaller average diameter were obtained in PAA/PEO blends containing PAA dominant content. Finally, the SEM results suggested that the formation of pure PAA nanofibers with concentration of 5 Wt. % would not occur. Whereas, in the same concentration, pure PEO and PAA/PEO blend nanofibers with no bead defects were obtained.
Introduction
Nanofibers can be obtained by a number of methods: via air-blast atomization of mesophase pitch, by assembling from individual carbon nanotube molecules [1] , by pulling of non-polymer molecules by an atomic force microscope tip [2] , by depositing materials on linear templates or using whiskers of the semiconductor which spontaneously grow out of gold particles placed in the reactor chamber [3] .
Step-bystep application of organic molecules and metal ions on predetermined patterns [4] , and DNA-templated assembly [5, 6] were also proposed as possible routes toward the production of nanofibers and nanowires. While air-blast atomization of mesophase pitch allows for a fast generation of a significant and even a huge amount of non-woven nanofibers in a more or less uncontrollable manner, the other methods allow for a rather good process control. However, all of them yield significantly short nanofibers and nanowires with the lengths of the order of several microns. They are also not very flexible with respect to material choice. A straightforward, cheap and unique method to produce novel fibers with a diameter in the range of 100 nm and even less is related to electrospinning. For this goal, polymer solutions, liquid crystals, suspensions of solid particles and emulsions, are electrospun in the electric field of about 1 kV/cm. Electrified jets of polymer solutions and melts were investigated as routes to the manufacture of polymer nanofibers [7, 8] . Nanofibers and hollow nanofibers [9] [10] [11] of polymers were electrospun by creating an electrically charged jet of polymer solution at a pendant or sessile droplet. In the electrospinning process a pendant drop of fluid (a polymer solution) becomes unstable under the action of the electric field, and a jet is issued from its tip. An electric potential difference, which is of the order of 10 kV, is established between the surface of the liquid drop (or pipette, which is in contact with it) and the collector/ground. After the jet flowed away from the droplet in a nearly straight line, it bent into a complex path and other changes in shape occurred, during which electrical forces stretched and thinned it by very large ratios. After the solvent evaporated, electrospun nanofibers were left [12] [13] [14] [15] [16] [17] [18] [19] [20] . Nanofibers of ordinary, conducting and photosensitive polymers were electrospun. These structures are of potential interest in the development of novel polymer-based light-emitting diodes (LED), diodes, transistors, photonic crystals and flexible photocells. Some other applications discussed include micro-aerodynamic decelerators and tiny flying objects based on permeable nanofiber mats (smart dust), nanofiber-based filters, protective clothing, biomedical applications including wound dressings, drug delivery systems based on nanotubes, the design of solar sails, light sails and mirrors for use in space, the application of pesticides to plants, structural elements in artificial organs, reinforced composites, as well as nanofibers reinforced by carbon nanotubes [21, 22] . There are some reports on the preparation of electospun poly(acrylic acid) (PAA) nanofibers applicable in different fields such as cosmetics, membrane-based gas sensors, superabsorbent composites, superporous hydrogels, and drug delivery due to having properties such as excellent chemical resistance, and bioadhesiveness, biocompatibility with biomaterials [23] [24] [25] [26] . The solutions of PEO with the various molecular weight and solvents were extensively used for electrospining due to their high spinningability [27, 28] . Although the effect of the little content of poly(acrylic acid sodium salt) as polyelectrolyte on electrospinning of poly(ethylene oxide) have been studied [29] . So far, the preparation of nanofibers of PAA/PEO blend has not been reported. Additionally, combining poly(acrylic acid) and Poly(ethylene oxide) may enhance the thermal, physical and biomaterial and biodegradable properties compared with pure polymer nanofibers. Also, poly(acrylic acid) can act as a polyelectrolyte, thus, it can increase conductivity of solutions as the effective parameter in the decrease in fiber size and improved morphology [29] . In this work the aqueous solutions of poly(acrylic acid) and poly(ethylene oxide) at various weight ratios were electrospun. Miscibility, intermolecular interactions and structural morphology of elecrospun fibers were analyzed by differential scanning calorimetry (DSC), Fourier transform infrared (FT-IR) spectroscopy and scanning electron microscopy (SEM), respectively.
Results and discussion

FT-IR studies
Interactions between electrospun poly(acrylic acid) and poly(ethylene oxide) nanofibers were confirmed by FT-IR spectroscopy of PAA, PEO and their blends ( Fig. 1) . FT-IR is a very powerful technique to detect the intermolecular interactions between two polymers. Besides, functional groups newly created by chemical reaction between polymers and the intermolecular interactions through hydrogen bonding can also be characterized via FT-IR spectroscopy. The FT-IR spectra of electrospun pure PAA nanofibers exhibited a broad peak at the region of 3700-2220 cm-1 related to the hydroxyl absorption bands in PAA nanofibers ( Fig. 2 ) [30, 31] . The PAA hydroxyl absorption bands were composed of the free-hydroxyl bands and bonded hydrogen bands, which corresponded to the wavenumbers of about 3570 and 3160 cm -1 , respectively. The peak present at 3570 cm -1 shifted to a lower wavenumber with increase in PEO content in the blend nanofibers. This peak, however, was not observed in pure PEO nanofibers and PAA/PEO nanofibers at weight ratio of 20/80. It can be due to the decrease in the PAA free-hydroxyl groups and formation of a new type interaction between PAA hydroxyl and PEO etheric-oxygen groups (i.e. interpolymer PAA-PEO hydrogen bonding) in the blend. The decrease in band at 3160 cm -1 in the blend nanofibers is attributed to the change in hydrogen bonding, resulting from PAA/PEO interactions (instead of self-associated hydrogen bonds in PAA) and the decrease in the acidic group concentration because of low PAA content in the blend. The absorption band at about 2875 cm -1 corresponding to CH 2 stretching, overlaps with hydroxyl band in PAA and its blend nanofibers. Fig. 3 shows FT-IR spectra of the carbonyl stretching region for pure PAA, pure PEO and their blend nanofibers. The region of 1780-1580 cm -1 in the FT-IR spectrum of pure PAA and its blend nanofibers showed the carbonyl absorption band. It was observed that the intensity and the broadening of this band decreased in PAA/PEO blend nanofibers with the decrease in PAA content. In addition, the absorption band at about 1695 cm -1 corresponding to PAA carbonyl peak shifted to a higher wavenumber in blend nanofibers. The highest of wavenumber was related to blend nanofibers with the weight ratio of 20/80, which was about 1730 cm -1 . The absorption band of carbonyl group was not observed in pure PEO nanofibers. The decrease in intensity of PAA carbonyl band and its shift to higher wavenumbers, caused by replacing some of self-associated hydrogen bonds (PAA-PAA) with new inter-associated bonding (PAA-PEO) because of decrease in PAA concentration in the blend. were related to stretching vibrations of C-O-C groups in the pure PEO and PAA/PEO blend nanofibers. The intensity of these bands decreased with the decrease in PEO content in the blend, while these bands were absent from pure PAA nanofibers. The absorption bands at about 956 and 943 cm -1 are attributed to CH 2 rocking vibrations in pure PEO and PAA/PEO nanofibers at 20/80 and 50/50 weight ratios. However, these bands in PAA/PEO blend nanofibers with weight ratio of 80/20 were replaced with a single band at about 939 cm -1 , which are completely absent from pure PAA nanofibers. At about 1353 and 1338 cm -1 , bands related to wagging motion of CH 2 in the pure PEO and its blends appeared, which in pure PAA nanofibers are not observed. Shifting these absorption bands showed miscibility of PAA and PEO polymers and the formation of their blend. 
DSC studies
DSC curves for pure PAA, PEO and PAA/PEO nanofibers are presented in Fig. 5 . The melting enthalpy was calculated for the blends, taking into account the PEO content and the melting enthalpy for a 100%-crystaline PEO fraction. Table 1 shows the melting point, glass transition temperature and melting enthalpy values of nanofibers. The pure PAA nanofibers showed a weak peak at 145 ˚C corresponding to glass transition temperature [23, 31] . The glass transition temperature of PAA nanofibers shifted to a lower value with the increase of PEO amount in the blend, which was caused by the increase in crystallinity content of PAA nanofibers. The weight ratio of 80/20 of PAA/PEO blend nanofibers shows glass transition temperature equal to 138˚C that was lower compared to the pure PAA nanofibers (about 7 degree). Pure PEO nanofibers showed a sharp melting peak at about 67.5 ˚C in the DSC curve. This peak is observed in PAA/PEO nanofibers with weight ratios 20/80 and 50/50. However, it shifted to lower temperatures, i.e., 62.7 and 53.8 ˚C, respectively.
It is clear that the composition of PAA/PEO (50/50 and 20/80) blend nanofibers is similar to PEO-rich blends. Additionally, the degree of crystallinity and melting enthalpy of PEO nanofibers are strongly perturbed by the presence of amorphous phase of PAA and specific interaction among components. Crystallinity percentage and melting enthalpy decreased in the blend nanofibers compared to pure PEO nanofibers. The miscibility and formation of hydrogen bonds between PAA and PEO, confirmed by FT-IR spectrum, were further supported by DSC. 
Tab
Formation of electrospun nanofibers
SEM images of PAA, PEO and their blend nanofibers are presented in Fig. 6 . Electrospun pure PEO nanofibers showed the nanostructures with homogenous morphology, free of beaded defects with the average fiber diameter of about 280 nm. The blends of PAA and PEO at weight ratios of 80/20, 50/50 and 20/80 in the same concentration of 5 Wt. % were successfully electrospun, too. The average diameter of blend nanofibers ranged from 152 to 257 nm. However, electrospinning of pure PAA solution produced the beaded structures. It was observed that adding PAA to PEO decreased the fiber diameter, a large amount of decrease in fiber diameter being observed in PAA/PEO blend nanofibers with PAA dominant content. Also, it was clearly obvious that PAA/PEO blends produce nanofibers with uniform and smoother morphology compared to pure PEO nanofibers. Bead-free and more uniformly fibrous structures were observed in PAA/PEO blends which are attributed to the increase in conductivity of solution of caused by polyelectrolyte (PAA) [27, 29] . It is well-know that the electrospinning involves stretching of the charge at its surface. However, if the conductivity of the solution is increased, more charge can be carried by the electrospinning jet. The increase in the charge carried by the solution will increase the stretching of the solution. The increase in the stretching of the solution will yield uniform fibers with smaller average diameter [33] [34] [35] . The formation of blend nanofibers with uniform morphology and free of bead defects compared to pure PAA at the concentration of 5 Wt. % may be the result of the formation of intermolecular interactions between PAA and PEO which prevent the charged jet from breaking up due to the increase in viscosity, the increase in entanglement of chains and the decrease in surface tension of blend solution compared with the pure PAA solution.
To further investigate the effect of concentration on morphology of electrospun nanofibers, the various concentrations of PAA were studied. Optimal concentration for preparation of pure PAA nanofibers with no beads was 11Wt. %. However, at low concentrations, i.e., 5 Wt. %, 7 Wt. %, and 9. Wt. %, beaded structures were observed. More Beads were observed in PAA solution with 5 Wt. % concentration. At such a low concentration, the viscosity, and hence the degree of chain entanglement, were not enough to withstand the columbic stretching force acting on infinitesimal segment of charged jet, causing the jet to break up into smaller jets, which , as a result of the surface tension, were later rounded up to form beads [28 ] . 
Conclusions
Electrospun PAA/PEO blend nanofibers at weight ratios of 100/0, 80/20, 50/50, 20/80 were produced. The morphology and the diameter of fibers were investigated by SEM. The results suggested that blend nanofibers with the polyelectrolyte (PAA) dominant content showed the smaller average fiber diameter. The intermolecular interactions, miscibility of between PAA and PEO were investigated by FT-IR and DSC, indicating formation of complex between them. Pure PEO and PAA/PEO nanofibers with uniform morphology and with no beaded defects at the same concentration of 5 Wt. % of PAA and PEO were prepared. But at concentration of 5 Wt. % of PAA, were formed only beaded nanostructures.
Experimental part
Materials and preparation of blend solutions
Poly(acrylic acid) (PAA, M w = 240000) and poly(ethylene oxide) (PEO, M w = 600000) were purchased from Aldrich and Acros Organics, respectively. The solvent used was distilled water. The PAA and PEO aqueous solutions at the same concentration of 5 Wt. % were produced under stirring conditions at 50 ˚C for 6h. PAA/PEO blend solutions at 80/20, 50/50 and 20/80 weight ratios were prepared by mixing of calculated amounts of above solutions. The products were then stirred at 50 ˚C for another 6h to reach homogenous and transparent solutions. The pH of solutions was regulated using 1N NaOH standard solution (Aldrich).
Electrospinning
The electrospinning consists of a syringe pump (Stoelting Co., USA) for the injection of the polymer solution, an aluminum foil as the collector of the fibers and a high voltage supply (MH 100 series, HiTek Power Co., U.K). All of experiments were performed using a plastic syringe of 10 ml internal volume and 1 mm (G) needle diameter. The solution flow rate was equal to 0.7 ml/h. The needle was connected to the high voltage supply and the ground electrode was connected to the aluminum foil. The distance between the needle and the collector was 17.5 cm and the applied voltage was 17 kV.
Measurements
Micrographs of the pure and blend nanofibers were investigated using scanning electron microscope (SEM) (ZEISS DSM 960A) (Germany). The specimens for SEM observation was prepared by cutting sheet covered with the as-spun materials and were coated with thin gold film before SEM analysis.
Thermal behaviours of nanofibers were characterized by differential scanning calorimetry (DSC) (DSC Q100, TA). About 3-6 mg samples were deposited and then heated at 10˚/min in an aluminum pan.
FT-IR spectra were recorded at room temperature using a Bruker EQUINOX 55, FT-IR spectrometer. The spectra were collected over the range 4000 to 700 cm -1 .
